Introduction
Plastic bronchitis is a rare, potentially fatal, condition noted in patients after Fontan surgery. The mucoid impaction with cast formation occludes the major bronchi with firm, gelatinous material [1] . Seen in asthma and sickle cell disease, the morbidity and mortality is greater in congenital heart disease [2] . Clinical management for both acute and chronic plastic bronchitis remains difficult and poorly defined.
Case Report
An 11-year-old female with an unbalanced atrial-ventricular canal status post lateral tunnel Fontan procedure at age 5 years though nonsyndromic presented with a 5-day history of cough and respiratory distress. Chest roentgenogram (Fig. 1 ) demonstrated right lung atelectasis and pleural effusion for which she received fiberoptic bronchoscopy. A bronchial cast with mucoid impaction extended from the carina to both main stem bronchi with histology revealing an acellular mucinous fibrin collection (Fig. 2) . She received sildenafil to mitigate elevated pulmonary arterial (PA) pressure of 17 mmHg, which was discovered 10 months previously on a cardiac catheterization. At that time, she was started on sildenafil, but therapy was discontinued due to dizziness. A right chest tube was eventually placed for her pleural effusion. Her echocardiogram demonstrated a mildly hypoplastic left ventricle as well as mild hypertrophy of the right ventricle, although biventricular function was normal. There was retrograde flow through the right Fontan during expiration. There otherwise was no evidence of anasarca, hypoproteinemia, or liver disease. Despite these measures, her respiratory status worsened and she was intubated, mechanical ventilation was started, and nebulized tissue plasminogen activator (tPA) and alfa dornase were utilized with partial clearing of atelectasis. However, complete contralateral atelectasis prompted repeat selective bronchoscopy to restore lung volume with the removal of a large occluding bronchial cast from the left-mainstem bronchus. She improved clinically with extubation as inhaled tPA was slowly tapered off. Her postextubation ventilation therapy consisted of high-flow nasal cannula and bilevel positive airway pressure (BiPAP).
She remained on airway clearance with vest therapy, intrapulmonary percussive ventilation (IPV), inhaled dornase, N-acetyl cysteine, and 3 % hypertonic saline. A fourth bronchoscopy was required to clear recurrent right lung atelectasis and restore lung volume as decreased ventilation/perfusion ratio resulted in hypoxemia. Additional therapeutic modalities deployed included azithromycin and bosentan. Despite maximal medical therapy, including repeat inhaled tPA, atelectasis persisted. A repeat cardiac catheterization was performed, demonstrating a PA pressure of 20 mmHg. Ultimately surgical fenestration of the Fontan with drainage into the left atrium was required. Her mean oxygen saturations were now decreased to the high eighties at baseline and her clinical status improved, although she was unable to be weaned completely off her airway clearance therapy without recurrence of atelectasis. She was discharged after 3 months of hospitalization on daytime oxygen and nocturnal BiPAP. Home airway clearance included IPV treatments, albuterol, N-acetyl cysteine, dornase, hypertonic saline, azithromycin, bosentan, and sildenafil. She remained clinically stable without hospital admission. Chest film remains clear with no atelectasis 6 months later.
Discussion
Plastic bronchitis is a potentially fatal albeit rare condition. The pathophysiology and overall clinical management are poorly defined. Documented as early as Galen in 131-200 A.D. [3, 4] , plastic bronchitis is uncommon in children, with only 40 cases reported before 1985 and 72 cases before 1989 [5] . Initial disease mechanisms focused on tuberculosis infection, atopy, and asthma [3, 4, [6] [7] [8] . Gross examination of expectorated or mechanically removed casts demonstrated homogenous, cylindrical entities involving multiple branching airway generations [4] . Histologic examination of the bronchial casts first showed highly structured fibrin with incorporated mucin. Other characteristics included hypercellularity with eosinophils, Charcot-Leyden crystals, and Curschmann's spirals [4, 9, 10] .
Seear et al. in 1997 [11] delineated a novel scheme for subtype classification. Type 1 casts were considered inflammatory and consistent with a fibrin structure and eosinophilia. Type 2 were generally acellular and mucin containing often seen in congenital heart disease. Brogan et al. reclassified casts depending on the disease states of asthma, cardiac, and idiopathic. Madsen et al. expanded this classification to cardiac, lymphatic, asthmatic, and sickle cell-related disease states [1, 2] . Madsen et al. [2] formulated this classification based on details of previous case studies. Cardiac patients described by them include eight Fontan patients, three Blalock-Taussig shunt patients, and one Glenn shunt patient. Bronchial casts are noted in other disease states, such as sickle cell disease [12] [13] [14] , metastatic lung tumors [4, 15, 16] , viral infections [17, 18] , smoke inhalation [19] [20] [21] , bronchopulmonary aspergillosis [22] [23] [24] [25] [26] [27] , thalassemia alpha [28] , sulfur mustard inhalation [29] , solvent aspiration [30] , and the use of pegylated interferon [31] .
Pathophysiology
The Fontan physiology has evolved since its first description by Fontan et al. in 1971 [32] , but its current iteration resolves around the concept of passive flow of venous blood into the pulmonary circulation from the inferior vena cava and superior vena cava, drainage into the atria, and propulsion to the system from a single ventricular system. Although the operation is life-saving, its physiology is unnatural and may lead to multiple complications. Previously described complications include ventricular dysfunction, elevated pulmonary vascular resistance, valve dysfunction, lymphatic derangements, pulmonary arteriovenous malformations, thrombotic circuit occlusion, and intractable arrhythmias [32] .
Plastic bronchitis in congenital heart disease patients varies given specifics of the cardiac disease and the associated complex hemodynamics. Previously reported successful therapeutic interventions focused on optimizing post Fontan cardiac hemodynamics and lowering central venous pressure. Bowen et al. demonstrated resolution of bronchial casts in a patient with pericardial effusion utilizing surgical pericardectomy [9] . Three additional cases of pericardial effusions and plastic bronchitis as a complication of Fontan operation have been detailed [2, 13, 33] . Bronchial casts in Fontan patients also have been eliminated by methods of fenestration [32] [33] [34] [35] , stent placement [36] , atrial pacing [2, 37] , anticoagulation therapy [38] , and pulmonary vasodilation [39] [40] [41] .
The role of lymphatic dysfunction was explored by Languepin et al. [42] as chylous bronchial casts were noted after cardiac surgery. Three such cardiopathy cases associated with plastic bronchitis demonstrated severe lymphatic dysfunction. Two cases were relieved by thoracic duct ligation or low-fat diet and chest physiotherapy.
A third case showed only mild improvement with the aforementioned therapy [42] . Lung biopsy in this case revealed large subpleural and peribronchial lymphatic dilatations. Histology in all cases showed PAS-positive fibrin and mucin with interspersed lymphocytes, while lacking eosinophils and Charcot-Leydin crystals. Conceptually, increased central venous pressure may lead to lymphatic obstruction, retrograde flow, and chylous leakage within the airways. Animal experiments in the past have shown that increased systemic venous pressure increased formation of thoracic duct lymph, impedes return of lymph into the great veins, and decreases pulmonary lymph flow [43, 44] . Hug et al. presented a case of a 4-year-old with Fontan circulation associated plastic bronchitis in the setting of left innominate vein thrombosis [45] . Histopathology revealed dilated pulmonary lymph vessels with rupture and leakage into the alveoli.
Systemic lymphatic disease states also are associated with plastic bronchitis. Turner's and Noonan's syndrome have been associated with lymphatic dysplasia. Along with lymphangiomatosis [46] , chylothorax [47] , or other lymphatic dysplasias [48, 49] , the pathophysiology of plastic bronchitis may involve both lymphatic and vascular dynamics.
Acute Management
No clinical prospective studies have examined plastic bronchitis therapy. Evidence is based on success or failure within individual case studies. Acute management involves the stabilization of the cardiopulmonary system, potentially requiring intubation for respiratory failure [28, 35, 37, 50, 51] . General airway clearance measures with bronchodilators and chest physiotherapy should be initiated. In emergent cases, immediate bronchoscopy, whether rigid or flexible, should be considered. Shah et al. [52] argue that although rigid bronchoscopy is generally the mainstay for foreign body removal, lavage is not always possible. Bronchial casts are unique foreign bodies that may be friable or dissolvable, making lavage a necessary component of its removal. While bronchoscopy can be effective for acute therapy, it does not prevent recurrence nor should it be utilized on a chronic basis.
Case studies have described the use of inhaled therapies [2, 12, [53] [54] [55] [56] , anti-inflammatories [57, 58] , diuretics [38] , and surgical palliation [34, 35, 59, 60] . Brogan et al. [2] incubated a cast from a Fontan patient in vitro with acetylcysteine, DNase, urokinase, and tPA, demonstrating that acetylcysteine had the greatest effect in dissolving the casts. The use of inhaled DNAse has yielded success [12, 53, 54] . Quasney et al. [56] benefit for use of tPA in plastic bronchitis [36, 61] . However, there has been reported effective use of inhaled tPA [55, 62] , and Wakeham et al. [63] showed long-term and efficacious therapy over the course of 18 months without any adverse complications. A murine model studied the safety of prolonged, repeated administration of inhaled pulmonary formulation tPA [64] . Nearly month-long therapy of high doses ([1 mg/kg/day) resulted in fatal pulmonary hemorrhage, whereas low-dose therapy was well tolerated. Anti-inflammatory therapy use of corticosteroids and macrolides has been documented [2, 57, 58] . Macrolides have shown benefit in airway inflammation in other chronic lung disease [57] . However, specific benefit of clarithromycin in plastic bronchitis demonstrates conflicting results [36, 57] . Low-dose azithromycin at a dose of 250 mg three times per week in conjunction with an oral corticosteroid 5-day course was shown to be effective in one case with eosinophilic and Charcot-Leydin cast [58] . Corticosteroid use also was successful for the treatment of an 8-year-old Fontan circulation patient with 1 % eosinophilia and casts showing mild eosinophilic infiltration [65] . Based on limited data, it seems that the use of anti-inflammatory therapy may primarily benefit eosinophilic-type casts. However, this does not preclude use on a trial basis for alternative forms of bronchial casts.
Chronic Therapy
In patients who undergo or have completed Fontan physiology, prevention of recurrence becomes difficult due to the complexity of the disease state. For Fontan procedures, a thorough analysis of circuit patency for obstruction due to stenosis and thrombosis is essential. Other hemodynamic alterations, such as pericardial effusions and atrial-ventricular dyssynchrony, should be investigated. Central venous pressure should be evaluated and elevated pressures corrected with pulmonary vasodilators or stent fenestration.
Correction of hemodynamics should relieve elevated central venous pressures and secondary lymphatic flow. In the setting of normal hemodynamics or lack of response to corrective measures, hemodynamic-independent lymphatic dysfunction should be considered. The cast histology should include oil red O stain to evaluate for triglyceride presence [42] . Lymphangiography may be helpful to analyze lymphatic flow abnormalities, particularly with previous chylothorax history or current chylous casts. If lymphatic dysfunction is present, use of low-fat and medium-chain triglyceride diet or, alternatively, thoracic duct ligation may need to be utilized [42, 59] .
If therapeutic approaches to hemodynamic instabilities and lymphatic dysfunction do not improve clinical status, then long-term combination therapy with inhalants, antiinflammatories, and pulmonary vasodilators may be required, which was in our case study. Whereas long-term, inhaled mucolytic therapy has been relatively safe to use as demonstrated in cystic fibrosis, prolonged inhaled tPA has only been demonstrated without complications in one human case study [63] and therefore should be used with caution. Incubation of removed bronchial casts in solution in vitro with various therapeutic agents and analyzing their efficacy may allow the clinician to individually tailor therapy. If all medical and surgical options have been exhausted, then cardiac and/or cardiac-lung transplant may need to be considered [60] .
Conclusions
Plastic bronchitis in patients with Fontan circulation maintains a higher mortality compared with cases associated with asthma, atopy, and infection. Acute therapy requires aggressive bronchoscopy regimen, inhaled mucolytics, and aggressive airway clearance. For patients with complete or partial passive drainage of venous blood into the pulmonary vasculature, it is important to stabilize any hemodynamic or lymphatic compromise and intervene appropriately. Long-term airway clearance, inhalation, and anti-inflammatory treatment may be necessary and has been shown to be effective in the presented case study.
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